Most eukaryotes have undergone genome doubling at least once during their evolutionary history. Hybridization followed by genome doubling (allopolyploidization) is a prominent mode of speciation in plants, leading to phenotypic novelty and changes in genome structure and gene expression. Molecular events that take place immediately after polyploid formation can be studied using newly synthesized allopolyploids. Here we studied the extent of gene silencing in a newly created and genomically stable allotetraploid cotton, of genotype AAGG, using an AFLP-cDNA display screen. Over 2000 transcripts were screened and ‫%5ف‬ of the duplicated genes in the allotetraploid were inferred to have been silenced or downregulated. Sequencing of 24 AFLP-cDNA fragments revealed genes with a variety of functions. Analysis by RT-PCR showed silencing or a strong expression bias toward one copy for 9 of 13 genes examined. Comparisons of expression patterns among eight organs in the allopolyploid showed that silencing and preferential expression are organ specific. Examination of silencing patterns in two other synthetic polyploids, of genotype AADD, showed that the same gene can be silenced independently in different genotypes. These results provide a detailed portrayal of gene silencing events that can occur following allopolyploidization and suggest epigenetic causal factors.
G ENOME doubling has occurred during the evolu- Lewis 1980; Force et al. 1999; Martin 1999; Wendel 2000; Lynch 2002 ). tionary history of many animals, fungi, and plants, resulting from either duplication of a single genome
To model the process of allopolyploid formation in nature, newly created synthetic polyploids may be used. (autopolyploidy) or combination of two or more differentiated genomes (allopolyploidy) (e.g., Masterson 1994;  Such polyploids are created by hybridizing two species and then doubling the chromosomes. Synthetic polyNadeau and Sankoff 1997; Wolfe and Shields 1997; Wolfe 2001). Polyploidy is particularly prevalent in ploids may reveal molecular phenomena that occur immediately upon allopolyploidization. Studies of synthetic plants, where it is an active, ongoing process and a prominent mode of speciation in many groups. Even Brassica, wheat, and Arabidopsis allopolyploids have shown rapid and nonrandom genomic changes, including sein groups where modern polyploidization is relatively uncommon, genetic and genomic studies reveal that quence elimination and alternations in DNA cytosine methylation (Song et al. 1995; Liu et al. 1998 ; Madlung the evolutionary history of many angiosperms includes multiple rounds of polyploidization (Vision et al. 2000; Levy and Feldman 2004) . Gene silencing and downregulation of duplicated protein-coding genes Simillion et al. 2002; Blanc et al. 2003; Bowers et al. 2003; Blanc and Wolfe 2004) . Thus, even plants with (Comai et al. 2000; Kashkush et al. 2002; He et al. 2003) and rRNA genes (Chen et al. 1998; Joly et al. 2004 ) relatively small genomes, like Arabidopsis thaliana, have experienced historical genome doubling. Polyploidizahave been revealed from studies of synthetic wheat, Arabidopsis, and Glycine allopolyploids. Some silencing events tion has been shown to cause short-term morphological innovation and novelty (e.g., Stebbins 1950; Levin 1983;  in wheat allotetraploids were inferred to be caused by gene loss (Kashkush et al. 2002) . Bretagnolle and Lumaret 1995; Comai et al. 2000; Schranz and Osborn 2000, 2004) and in addition, the Cotton (Gossypium) has been developed as a particuattendant genome doubling provides a massive reservoir larly useful group for studies of polyploidy (reviewed in of duplicated genes for longer-term evolution of new Wendel and Cronn 2003; Adams and Wendel 2004) . functions (Stebbins 1950; Stephens 1951; Ohno 1970;  Diploid cottons are classified into eight genome groups based initially on cytology and refined by molecular systematic studies (reviewed in Wendel and Cronn 2003).
Sequence data from this article have been deposited with the EMBL/ There are two major branches of Gossypium species, GenBank Data Libraries under accession nos. AY685662-AY685681.
one comprising the New World, D-genome group and 1 erated by colchicine doubling a sterile diploid hybrid formed tion between an A-genome diploid and a D-genome between the A-genome species G. arboreum (A 2 ) and the diploid ‫5.1ف‬ MYA (Senchina et al. 2003) and independent evolution of many protein-coding genes.
Austin, TX) to remove residual DNA, and RNA concentrations
In an earlier study of the natural allopolyploid G.
were estimated using a spectrophotometer. Poly(A) ϩ RNA was isolated from the total RNA using the PolyATtract kit (Pro- organ specific may accompany allopolyploid formation.
AFLP-cDNA and genomic AFLP reactions for manual gels However, neither the scale of the phenomenon nor its were performed identically to the fluorescent reactions except rapidity of onset during or following allopolyploidizathat primers were labeled with ␥-32 P instead of fluorophores. Reaction products were run on 6% acrylamide gels and visualtion is known.
ized by autoradiography. Bands of interest were cut from dried In this study we used a more global approach (AFLPgels that were carefully marked to ensure that the appropriate cDNA display) to survey the extent of gene silencing in band was isolated. DNA was eluted by boiling in 100 l of the first generation of a newly created cotton allotewater for 5 min. AFLP fragments were amplified by PCR and traploid (designated AAGG). For this analysis we seeither sequenced directly or cloned into a PCR-cloning vector followed by sequencing of multiple clones. Sequencing was lected an allotetraploid line that is known to be genodone at the Iowa State University DNA Sequencing and Synthemically additive and stable relative to its diploid parents sis Facility using ABI 3700 DNA sequencers. (Liu et al. 2001 quenced directly using an ABI 3700 DNA sequencer. Chromatogram trace files were analyzed using BioEdit to compare levels of expression from each homeolog using the method of MATERIALS AND METHODS Rauscher et al. (2002) : The height of each peak was measured using the coordinates system. The relative contribution of the Plant materials and RNA extractions: The maternal genome A homeolog (when present) was calculated as the height of (A) donor G. arboreum (accession no. 5265), paternal genome the A peak over the sum of the heights of the A and G peaks; (G) donor G. bickii (accession no. 5048), and the derived likewise the contribution of the G homeolog was calculated synthetic AAGG allotetraploid 2(A 2 G 1 ) (also designated  as the G peak height over the sum of the A and G heights. Brubaker et al. 1999) in the first generation after chromoBackground-corrected averages across all polymorphic sites some doubling were used. Also included were a recently created AADD allotetraploid 2(A 2 D 3 ) (gift of J. A. Lee), this genwere reported for each gene. This method has been shown Genome groups used in this study are shaded. The synthetic allotetraploids were made from AA and GG diploids and from AA and DD diploids.
to accurately determine ratios of homeologs in a mixture of PCR products consisting of both homeologs (Rauscher et al. 2002) . ploidization (Liu et al. 2001; our unpublished data) . All AFLP reactions were done in sets of four: the maternal A-genome parent, the paternal G-genome parent, the tides in the AFLP primers. Such loci are uninformaderived allotetraploid, and a mixture of equal amounts tive with respect to the expression status of each of of RNA from the two parents. Two biological replicates the two homeologs in the polyploid, in that band (RNA extractions from different plants) were done for presence may reflect transcripts from either (or both) each set. Bands were scored only if the AFLP pattern was gene copy. the same for each set. Four different restriction enzyme 2. A band present in all lanes except the A-genome combinations and many selective nucleotide combinaparent, caused by a polymorphism between the two tions were used (see materials and methods). The initial parents and indicating that the paternal G t copy in organ type used for the AFLP-cDNA screen was petals the polyploid is expressed. collected on the day of anthesis. AFLP-cDNA reactions 3. A band present in all lanes except the G-genome were done initially using fluorophore-labeled primers parent, caused by a polymorphism between the two (TET and FAM), run on automated sequencing gels, parents and indicating that the maternal A t copy in and analyzed by GeneScan analysis. Only qualitative difthe polyploid is expressed. ferences-band presence or absence-were scored.
4. A band present in only the A and A ϩ G lanes, Five classes of AFLP-cDNA patterns were scored (Fig- suggesting that the A t copy in the polyploid was siure 2) and tabulated, as follows: lenced. 5. A band present in only the G and A ϩ G lanes, 1. A band present in each lane, indicating no polymorsuggesting that the G t copy in the polyploid was siphisms between the parents in the restriction enzyme recognition sites or the sites of the selective nucleolenced. polymorphic between the two parents and thus informative as to the expression status in the allotetraploid.
AFLP-cDNA summary
Bands were absent in the polyploid lanes for 11 loci (8% of the polymorphic loci) in at least one organ type Bands not present in AG 5 6 11 (8%) allotetraploid copy. Thus, as with the petal data, ‫%05ف‬ more genes from the G t (paternal) genome may well have been silenced in the allotetraploid compared to those from the A t (maternal) genome. There were no cases of a band being present in all lanes Identification and verification of putatively silenced except the AG lanes, which would suggest silencing of genes: Several sets of AFLP-cDNA reactions that reboth homeologs, nor were there any cases of a band vealed one or more putatively silenced loci were perbeing present in only the AG lanes, which would be formed with ␥-32 P-labeled primers and run on polyacrylsuggestive of gene activation following allopolyploidizaamide gels. For each locus of interest, two bands (one tion. Only polyadenylated mRNA transcripts were surfrom each replicate) were excised from the gel and the veyed; thus transposon activation would likely not be AFLP fragments were sequenced (see materials and detected. methods). A total of 24 loci were identified represent-A total of 2015 cDNA fragments (presumptive loci) ing 23 genes (Table 2) . Coincidentally, 1 gene, an ADPwere screened using RNAs from petals, with 524 (26%) glucose pyrophosphorylase, was identified twice using loci being polymorphic between the parents and theredifferent restriction enzyme combinations. Seventeen fore informative with respect to the expression status of the 23 genes were inferred to have a homolog in in the polyploid (patterns 2-5 above; Table 1 ). ThirtyArabidopsis. The genes have a variety of functions or eight bands (7% of the 524 diagnostic loci) were absent putative functions (Table 2) , including metabolic enin the polyploid lanes (patterns 4 and 5 above), sugzymes, kinases, and DNA-binding proteins. Six loci had gesting silencing of either the A t or the G t copy. Of the no homolog in any other plant; most of these corre-318 bands that were present in the A lanes but not spond to short AFLP-cDNA fragments (100-150 bp) and present in the G lanes and thus diagnostic for expression contained stop codons in all possible reading frames, of the A t copy in the allotetraploid (patterns 3 and suggesting that they represent fragments of the 5Ј-UTR 4 above), 15 (5%) were also not present in the AG or 3Ј-UTR. allotetraploid, suggesting silencing of the A t copy. Of
The AFLP-cDNA data were scored on the basis of visual the 206 bands that were present in the G lanes but not inspection and thus the data are not quantitative: cases present in the A lanes and thus diagnostic for expression of major downregulation of one homeolog may have been of the G t copy in the allotetraploid (patterns 2 and scored as silencing; likewise some of these cases may 5 above), 23 (11%) were also not present in the AG have been missed due to the presence of a faint band. allotetraploid, suggesting silencing of the G t copy. Thus, Furthermore, AFLP-cDNA screens are prone to reveal-Ͼ50% more of the surveyed genes from the G t (patering false positives (i.e., genes inferred to be silenced nal) genome (11%) may well have been silenced in the that actually are expressed). Thus it is important to allotetraploid compared to those from the A t (maternal) further characterize expression of putatively silenced genome (5%).
genes identified in an AFLP-cDNA display screen. To To detect genes showing coexpression of both hoaccomplish this we studied expression of both homeomeologs in petals but silencing of one copy in other logs for 13 of the identified genes, to determine if one organs, the AFLP-cDNA screen was extended to RNAs homeolog was silenced, if one homeolog is downregufrom seven additional organ types: sepals, stamens, stiglated, or if there is equal expression and the AFLPmas and styles, ovary walls, ovules, bracts (epicalyx), and cDNA-based interpretations were erroneous. leaves. EcoRI/PstI-digested cDNAs were used from each
To conduct this analysis, 300-600 bp of sequence organ type along with 10 sets of selective primer combiwas first determined from both diploid parents so that nations that were randomly chosen. A total of 530 loci polymorphic sites could be identified to facilitate diagnosis of gene expression in the synthetic allotetraploid. were screened using these methods, of which 143 were By using homology to cotton expressed sequence tags four genes (Em396, Em450, Em130, and Ep603) appear to be expressed at comparable levels in petals. (ESTs), the region sequenced could be lengthened for some short AFLP fragments (Table 2) . Sequence diverOverall, 9 of 13 genes interpreted from AFLP-cDNA screens as exhibiting silencing were confirmed as having gence between the A-genome and G-genome parental sequences ranged from 0.5 to 3.5%, and the number one homeolog either silenced or strongly downregulated; the corollary is that 4 of 13 (or 31%) of the putative of polymorphisms for each gene ranged from 3 to 14.
For each of these 13 genes, expression of the A t and silencing events were artifacts of the AFLP screening methodology. This level of artifacts is consistent with or lower G t homeologs was quantified as follows: The gene region was amplified by RT-PCR using primers that were perthan those obtained from AFLP-cDNA screens in previous studies of polyploids. Using this false positive rate fect matches to both parental copies, and the resulting RT-PCR products were directly sequenced. At each polyand 40 loci scored as silenced (of 524 diagnostic AFLPcDNA fragments), we infer that ‫%5ف‬ (9/13 ϫ 40/524) morphic site the peaks were evaluated by the method of Rauscher et al. (2002) to assess the contribution of of the duplicated loci in allopolyploid cotton experienced immediate silencing ‫)%52.2ف(‬ or downregulaeach homeologous transcript to the total RT-PCR pool. Nine of 13 examined genes showed silencing or considtion of one homeolog ‫)%57.2ف(‬ upon polyploidization. Duplicate gene silencing is organ specific: To detererable expression bias-a ratio of at least 2:1-of one copy in the organ type where silencing was inferred on mine if there is organ-specific silencing or biased expression of homeologous gene pairs upon allopolyploidizathe basis of AFLP-cDNA display (petals for all genes except Ep420-ovule and Ep280-stigma and style). Four tion, relative homeolog expression levels of eight gene pairs in eight organ types were assayed by RT-PCR, direct of nine genes (Em2025, Pm125, Em700, and Ep280) showed silencing of one homeolog, and five genes sequencing, and analysis of polymorphic sites as above. Two biological replicates were done for most genes. showed preferential expression toward one copy (Table  3 ). The silenced genes included a monooxygenase, calFour genes showed silencing of one homeolog in some organs but not in others (Table 3 ; Figure 3 ). Particularly modulin-binding protein, ubiquitin-protein ligase, and ADP-glucose pyrophosphorylase. Both homeologs from interesting is gene Em2025 (a flavin-containing mono- 
A and G represent the copies in the allotetraploid derived from the A (maternal) parent or D (paternal) parent. Homeologous transcript ratios above 2:1 are indicated by Ͼ and Ͻ. silen, gene silencing; ND, not determined. oxygenase) that shows silencing of the A t copy (maternal actually is preferential expression of the A t homeolog. Gene Pm125 (a calmodulin-binding protein) shows hocopy) in most examined organs except the leaves where the A t copy is also expressed and ovules where there meolog silencing in some organs and expression that is biased toward one homeolog in leaves and toward the other homeolog in stamens and in stigmas and styles. The two copies of gene Ep280 (ubiquitin protein ligase) showed a gradient in expression level ratio, ranging from equal expression in petals to A t silencing in bracts and all three parts of the carpels. Also showing organspecific silencing of one homeolog (Table 3) are genes Ep550 (a DHHC-type zinc finger protein) and Em700 (an ADP-glucose pyrophosphorylase). Four genes did not show silencing in any organ type, but in some organs there was preferential expression of one copy.
To determine if the cases of gene silencing were caused by allopolyploidization or if they reflect expression of the gene in only one of the two parents in the organ type in question, RT-PCR was performed using RNAs from the diploid parents for each gene and organ type that showed silencing of one copy in the allotetraploid. Controls without reverse transcriptase were done to ensure that amplification was not due to DNA contamination, and some of the genes contain an intron(s). In all cases there was expression of each gene in both parents in the organ type in question (data not shown), indicating that gene silencing occurred as a result of the allopolyploidization process.
Parallel silencing patterns among genotypes: Expression of three genes that showed silencing in at least one organ of the AAGG allotetraploid was assayed in two additional synthetic allotetraploids (between A-and D-genome diploids; genotype AADD) to determine if the same patterns of silencing would be observed in independently generated and genomically divergent allopolyploids. Each of the three allopolyploids has the A-genome spe- sequence to identify polymorphisms, as described above 
Gene Em2025
Gene Ep550 Gene Pm125
A and D represent the copies in the allotetraploid derived from the A (maternal) or D (paternal) parent. Data for the AAGG allotetraploid are listed for comparison. silen, gene silencing.
(only two polymorphisms were observed for genes Ep280 is genomically stable, gene silencing (inferred to affect ‫%52.2ف‬ of the genes in the allopolyploid) occurs at levels and Em700, and thus these genes were excluded from analysis). RT-PCR was performed using RNAs from seven comparable to synthetic allopolyploids characterized by more frequent gene losses and genomic rearrangements. organs, using two biological replicates for each organ and primers that are prefect matches across the genomes, to
Unexpectedly, about twice as many genes from the paternal G-genome (11%) as from the maternal A-genome avoid PCR amplification bias. RT-PCR products were directly sequenced and analyzed as above.
(5%) in the allotetraploid cotton were inferred from the AFLP-cDNA gel data to be silenced or downregulated. These experiments revealed some striking similarities across independently synthesized allotetraploids. Most
The amount of gene silencing or downregulation (5% of surveyed genes) in the newly synthesized cotton allonotable is gene Em2025 (a monooxygenase), where the A t copy was silenced in almost every organ of both AADD tetraploid used in this study contrasts with a higher value (25%) observed in a previous study of 40 genes in the allopolyploids, mirroring the patterns observed in the AAGG allotetraploid (Table 4 ; Figure 4) . Thus, the same copy (A t ) of the same gene was silenced in three independently created synthetic allopolyploids of different genotype. Expression of the homeologous pairs of gene Ep550 (a zinc finger protein) ranged from silencing of A t to coexpression at equal levels, depending on the organ type. There was considerable correspondence in expression patterns between the two AADD allotetraploids, although divergent patterns of homeolog expression were observed in the AAGG allotetraploid (Table 4) . Gene Pm125 (a calmodulin-binding protein) showed a contrast between the AAGG polyploid (silencing or biased expression in all organs) and both AADD polyploids (largely or completely equal ratios).
DISCUSSION

Frequency of gene silencing in plant polyploids:
The AFLP-cDNA data, combined with follow-up RT-PCR experiments, in this study suggest that silencing or downregulation affects ‫%5ف‬ of duplicated genes in the newly created Gossypium allopolyploid. This value is consistent with studies of synthetic wheat and Arabidopsis allopolyploids (Comai et al. 2000; Kashkush et al. 2002; He et al. 2003) ; exact comparisons are difficult to make show that although the AG-genome cotton allotetraploid natural allotetraploid G. hirsutum (Adams et al. 2003) .
logous genes can occur upon allopolyploidization and continue over evolutionary time in the natural polyTwo factors could account for this difference. The natural cotton allotetraploid was formed 1-2 MYA and thus ploids. It will be interesting to determine if the phenomenon can be caused solely by the merger of two diverthere has been much more time for changes to occur in gene expression. Second, the AFLP-cDNA screen gent genomes (hybridization), by examining diploid F 1 hybrids prior to chromosome doubling. We hypothesize used in this study was scored on the basis of presence or absence of bands and the method (by itself) is not that both hybridization and chromosome doubling can serve as causal factors for organ-specific silencing of quantitative and is less sensitive to detection of homeologs that are expressed at unequal levels, in contrast to homeologous genes. It also is of interest to gain a better understanding of the temporal scale of the phenomethe SSCP assays used in Adams et al. (2003) .
Organ-specific silencing of genes duplicated by polynon; that is, what are the relative proportions of expression alteration that accompany the earliest stages of ploidy: In addition to quantifying the phenomenon of homeolog silencing after polyploidization in cotton, this polyploid formation (including hybridization) vs. those that accrue on an evolutionary timescale following polystudy shows that silencing of duplicated genes immediately after allopolyploid formation is organ specific, conploidization, perhaps on the order of millions of years. Toward that end, direct comparisons on a global scale firming previous speculations based on data from an allopolyploid that was several generations old (Adams of natural allopolyploid and corresponding synthetic allopolyploids should prove informative. et al. 2003) . All genes that showed silencing in this study, except for the A t copy of Em2025 in AA2DD3, were siStochastic vs. directed gene silencing: Are some duplicated genes more prone to silencing than others? To lenced in only some organ(s) and expressed in other organ(s). Considerable expression differences exist among address this question we examined expression and silencing patterns in three independently created synfloral whorls, differences that would have been obscured if whole flowers had been used in the experiments.
thetic allotetraploid lines of different genotypes. Among the more striking observations was the repeated silencFurthermore, three groups of organs that compose the carpels (ovule, ovary wall, and stigma and style) showed ing of gene Em2025 (a monooxygenase gene), which exhibited silencing in most or all organs of all three differences in expression vs. silencing of homeologous genes. For example, gene Em2025 (a monooxygenase) synthetic allopolyploids. Interestingly, the silenced copy was from the maternal (A-genome) parent in all three showed silencing of the A t copy in the ovary wall and stigma and style, but expression of both copies (albeit lines. Also showing similar silencing patterns between the two synthetic AADD allopolyploid lines is the adhA not at equal levels) in the ovule. We note that the biased expression patterns of homeologs documented here gene, where there is minimal or no transcription of one copy in certain floral organs (our unpublished data), and previously (Adams et al. 2003) were detected despite the fact that the organs sampled are composed of multiand these patterns are almost identical to those observed in the natural polyploid G. hirsutum (Adams et al. 2003) . ple tissues and cell types; that is, even at the relatively crude level of analysis of whole organs, preferential ex-
The above results suggest that silencing of some genes is directed and that chromosomal context can play a pression between homeologs is observed. The implication is that finer scale analyses of individual tissues and role in duplicate gene silencing. Although phenomenologically similar to nucleolar dominance, any of the cell types would reveal even a higher level of partitioning of duplicate gene expression than that reported here. molecular mechanisms discussed below are potentially responsible for these observations. Evidence for this The cases of gene silencing reported in this study were determined to have been postpolyploidization by type of "directed" gene silencing extends beyond the cotton study system. In hexaploid wheat, He et al. (2003) examining transcript presence in the diploid parents. Preferential accumulation of transcripts from one of examined expression of two genes in three genotypes that are expressed in only one of the parents. They two homeologs may also reflect a change in expression following polyploidization, either upregulation of one found silencing or downregulation of both genes in two different synthetic AABBDD genotypes as well as the copy or downregulation of the other copy, or it could reflect retention of parental expression patterns that hapnatural Chinese spring wheat. Patterns of gene silencing across synthetic allopolypened to be different. Likewise, equal expression levels of homeologs in a polyploid could represent no change ploids need not be similar, however. In this study genes Ep550 and Pm125, for example, displayed a more ranfollowing polyploidization or it could reflect adjustments in expression level (up-or downregulation) of one or dom pattern of silencing and biased expression across all three genotypes (Table 4) . Other evidence for this both homeologs to equalize expression. Although transcript presence was assayed in the diploids, accumulamore "stochastic" pattern of gene silencing comes from studies of rRNA and protein-coding genes in synthetic tion levels were not; hence, distinguishing the foregoing possibilities will require further experimentation.
allopolyploid Arabidopsis (Chen et al. 1998; Comai et al. 2000) . Two recent studies are particularly relevant This study and previous work (Adams et al. 2003) have established that organ-specific silencing of homeoin this regard: Wang et al. (2004) showed variation in silencing patterns of individual genes among newly synexample, all of the maternal genes whose sequences thesized allotetraploid Arabidopsis lines, and Joly et have coadapted to each other might be expressed and al. (2004) showed that different accessions of natural the paternal copies silenced. These cases are likely to polyploid Glycine species exhibit varying expression levbe visible to natural selection and are predicted to be els of progenitor rRNA genes. Additional multigenotype evolutionarily stabilized. In contrast, some expression comparisons will shed further light on this issue. variation may be functionally and selectively neutral, Causes and mechanisms of homeologous gene silencreflecting instead a side effect of mechanistic processes, ing: The gene silencing documented in the newly synthesuch as those discussed in the previous paragraph. Many sized allotetraploid cotton is almost certainly epigenetic of these cases are likely to be retained over longer time in nature. This allopolyploid cotton line is genomically frames and become exposed to an evolutionary filter stable and additive with respect to its diploid parents, only after additional epigenetic and genetic evolution. as previously judged by Ͼ2000 AFLP markers (Liu et al. The scale of the phenomenon of expression alteration, 2001) and as confirmed here, so genome rearrangements as reported here, suggests that this process will prove and gene loss are either minimal or nonexistent. Given to be a significant facet of polyploid evolution. these observations and what is generally understood
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